Hot rolled and annealed AISI 1050 steel cylindrical coupons were flow formed at different levels of deformation (66% and 90% wall thickness reduction). TEM studies revealed development of ultra-fine (sub)grain cell structure due to severe plastic deformation. The transverse subgrain size changed from 10 m (beginning) to 300 nm (66% reduction) to 40 nm (90% reduction). An EBSD study revealed a decreased recrystallization fraction at 90% deformation compared to 66% deformation, caused by orientation pinning from the preferred orientation along {002} planes. No evidence of dislocation pinning or cracking was observed on any samples. The aim of the present work is to study the deformation behaviour and microstructural evolution during the conventional flow forming process. The effect of severe straining on structural changes and strengthening behaviour is also discussed.
Introduction
Flow forming is an incremental cold forming process in which a tubular-shaped metal blank or workpiece placed over a mandrel is shaped via radial compressive forces applied by two or three rollers. Flow forming technology has been used extensively for the near net shape production of long tubular parts such as rocket motor casings, hydraulic cylinders, pressure vessels and compressed gas cylinders etc. One of the distinguishing characteristics of flow forming is its ability to achieve extremely large deformations. Using flow forming, wall reductions greater than 90% can be routinely achieved in many steel grades without compromising the surface and subsurface characteristics of the material. On the other hand, conventional cold forming processes are unable to achieve such extreme plastic deformations.
The process development of flow forming has been studied extensively in recent years. Lee and Lu (2001) studied flow forming of cylindrical tubes using a rolling mechanism. Davidson et al. (2008) studied the influence of flow forming parameters on percent elongation using an aluminum alloy. Similarly, Jahazi and Ebrahimi (1999) studied the effect of flow forming process parameters on percent reduction using D6ac steel. Rajan et al. (2002) studied the effect of heat treatment on the preform on the UTS of final product using AISI4340 tubes. In their fundamental studies, Wong et al. (2005) used FEM to predict the material flow during flow forming, and Roy et al. (2009) studied the evolution of plastic strain using hardness indentation of AISI 1020 steel.
Severe plastic deformation during cold forming is generating a lot of interest in academia as well as industry. Severe plastic deformation is characterized by the formation of an ultra-fine grain structure and an increase in hardness, development of textures and unusually high strength properties. Knowledge and the ability to manipulate the material characteristics can further enhance the properties and extend the life of a component. Although, flow forming is a well-established process for manufacturing components with impressive strengths, the fundamental mechanism of microstructural evolution using advanced microscopy has never been studied.
The primary goal of this project is to conduct a fundamental study of the flow formed material to understand microstructural transformation, preferred orientation and grain refinement of the severely deformed structure. Such an understanding will provide insights on the deformation behaviour, and will clarify the effect of the initial microstructure on strengthening and structural changes during severe straining by flow forming. This study will also result in further enhancement of the process.
Experimental Details

Flow forming
A machined tubular preform of AISI 1050 steel with wall thickness 16 mm was flow formed using three rolls to reduce the wall thickness as illustrated in Figure 1 . Wall reductions up to 66% were achieved in one pass. Additional passes were needed to achieve greater wall reductions (e.g. 90%). Sections were chosen at two stages of deformation in longitudinal direction (LD) as shown in Table 1 and Fig. 1 (inset). Due to steep gradient, the hardness is expressed in different scales. 
Transmission electron microscopy
TEM samples were prepared using focused ion beam (FIB) milling with a Gallium source to a final thickness of 100 nm. Structural imaging was conducted using a Hitachi HF 3300 field emission gun TEM with a 300 kV electron beam.
Electron backscattered diffraction
EBSD analysis was performed to understand the development of textures and recrystallization fractions during the flow forming process. Cross-sectional samples were prepared using standard metallographic techniques with a final step involving a vibratory polisher for eight hours using colloidal silica. EBSD was conducted using a NordlysMax2 detector from Oxford instruments on a FEI Versa 3D scanning electron microscope. Analysis was performed at 20 kV accelerating voltage and 1.7 nA emission current with a working distance of 14.8 mm at 70º tilt. The area of interest was at a depth approximately 50 m underneath the top surface. The acquisition was conducted at a 30 nm step size without using binning approximation. The data presented in this paper was not extrapolated. Pseudosymmetry correction was performed to remove inaccurate misorientation peaks.
Results
Transmission electron microscopy
When the sample was deformed to a wall thickness reduction of 66%, the parent microstructure underwent complete transformation such that the ferrite/pearlite grains could not be resolved with an optical microscope. A significant increase in hardness was observed compared to the parent microstructure (Table 1 ). The TEM analysis at 66% reduction showed equiaxed subgrains (Fig. 2a) . The subgrain size was in the range of 200-300 nm with an aspect ratio of 1:1. This was indeed surprising, because severely cold formed (or rolled) microstructures are typically characterized by ribbon-like grains and subgrains that are highly elongated in the rolling direction (RD). The absence of elongated grains and the grain coarsening are most likely due to dynamic recrystallization. "During dynamic recrystallization, the rate of dislocation annihilation equals the rate of dislocation generation such that a stable dislocation substructure of constant dimensions and density persists" (McQueen, 1977) . Belyakov et al. (2004) hypothesized that during plastic deformation the adjacent boundaries of highly elongated subgrains get "pinched off" resulting in formation of equiaxed grains. Hughes and Hansen (1997) showed that these newly formed recrystallized grains orient themselves to stable orientations. From Fig. 2a it is evident that at 66% deformation, the strain reached a critical level, causing recrystallization. The manifestation of this phenomenon is seen in the form of ultra-fine subgrain size with high-angle grain boundaries. Most of the grains were dislocationfree, substantiating the process of dislocation annihilation or coalescence during dynamic recrystallization.
SEM studies of the sample with 90% reduction revealed a complete transformation. The microstructure revealed existence of discrete globular as well as lamellar carbide particles. The hardness values did not increase or decrease as seen in Table 1 . The saturation of hardness values at certain deformation levels is a characteristic of any deformation process, as observed by Belyakov et al. (2004) . Unlike the structure seen at 66% reduction, the TEM image at 90% reduction (Fig. 2b) showed a structure characterized by ribbon-like subgrains and grains that are parallel to the direction of metal flow. During deformation, strain is accommodated by strain-induced sub-boundaries that are geometrically necessary. As deformation continued, the increase in the cumulative strain ( ) led to layered microstructures, transition bands, grain boundaries and sub-boundaries, as observed by Sakai et al. (2014) . This elongates the structures parallel to the rolling direction. The elongation/flattening of the grains continues to occur until a critical strain is reached, at which point the microstructure undergoes dynamic recrystallization.
It should be noted that the parent microstructure of the 90% reduction was actually a recrystallized structure (Fig.  2a ) that was heavily misoriented and equiaxed. When the microstructure at 66% reduction underwent further deformation, the recrystallized structure -being strain-free and at its lowest energy -was further deformed, creating lamellar and ribbon-like structures. The ability of flow forming to cause alternating flattening and recrystallization could be a major reason behind the attainment of these high levels of deformation, which are not achievable by any of the other deformation processes. As discussed in the next section, the cyclical behaviour of recrystallization continues until dislocation or orientation pinning occurs due to the development of preferred orientation.
Electron Backscattered Diffraction (EBSD)
The EBSD analysis was conducted to understand the development of textures and the recrystallized fraction. The recrystallized, substructured and deformed fractions of the 66 and 90% reduced samples are seen in Fig. 3 . If the average grain angle exceeded the user defined minimum angle ( c =2 o in this case), then the grains were classified as "deformed." If the grains consisted of subgrains whose internal misorientation was under c but the misorientation from subgrain to subgrain was above c , the grain was classified as "substructured." The remainder of the grains were classified as "recrystallized." b a Fig. 3 , it was seen that at 66% reduction, a 60% fraction of grains was recrystallized, while at 90% reduction, the recrystallized fraction decreased to 44%. At 66% reduction, the strain was accommodated by the dislocations. When the applied strain exceeded the critical strain, the interactions within the dislocations caused annihilation resulting in recrystallization. The decrease in the recrystallized grains supports the hypothesis that the new strain at 90% reduction was taken up by the recrystallized grains. This phenomenon gives rise to the elongated grains observed in TEM image (Fig. 2b) .
The development of textures is shown using inverse pole figures (Fig. 4) in sample X (longitudinal), Y (rolling) and Z (transverse) directions. The intensity of IPF is shown by the mean uniform density (MUD). A MUD value above unity indicates that there are more data points of a particular orientation than would be expected from a sample that is totally random. The legends 001, 101 and 111 represent normals to {002}, {202} and {222} planes, respectively. It is established that the slip systems in BCC are roughly limited to six {110} closest packed planes in <111> directions and the preferred texture components resulting from the deformation of BCC materials can be roughly summarized as {001}<110>, {112}<110> and {111} <112>.
At 66% reduction, one preferred orientation along the {222} components parallel to the longitudinal direction was observed. The higher MUD represented by grains with {202} planes was redundant because they were the same grains that had normals close to parallel to the longitudinal and transverse directions. At 90% reduction, two preferred orientations were observed; one along the longitudinal direction parallel to the {222} components, and another along the rolling direction parallel to the {002} components. A decrease in the MUD value with the {222} component, compared that of 66% reduction, was observed.
The above observations demonstrate that at 66% reduction (Fig. 4a) , the microstructure contained greater MUDs of {222} components and lower densities of the remaining components. The gradual transition in preferred orientation of {002} planes at 90% reduction (Fig. 4b) can be supported by the following dislocation reaction proposed by Cottrell (1958 
